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We report structural, optical, and electro-optical properties of polycrystalline YFe2O4
thin films, deposited on (0001) sapphire substrates using the electron-beam deposition technique. The optical spectra of a 120 nm YFe2O4 show Fe d to d on-site
and O 2p to Fe 3d, Y 4d, and Y 5s charge-transfer electronic excitations. Anomalies in the temperature dependence data of the charge-transfer excitations and the
splitting of the 4.46 eV charge-transfer peak strongly suggest a structural distortion
at 180 ± 10 K. Evidence of such a structural distortion is also manifested in the
surface resistance versus temperature data. In addition, the YFe2O4 thin film at low
temperatures shows strong electro-optical properties, as high as 9% in the energy
range of 1 - 2.5 eV, for applied electric fields up to 500 V.cm−1. C 2016 Author(s). All
article content, except where otherwise noted, is licensed under a Creative
Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
[http://dx.doi.org/10.1063/1.4942753]

The RFe2O4 (R =Y, Dy to Lu) compounds with a layered rhombohedral crystal structure (R3̄m)
exhibit ferrimagnetic and ferroelectric properties.1–6 The crystal structure of RFe2O4 consists of an
alternating stacking of hexagonal double layer of FeO5 bipyramids and hexagonal layer of RO6
octahedra. In the iron-oxide triangular lattice, there are equal number of Fe2+ and Fe3+ ions, resulting in both charge and spin frustrations in the system. These spin and charge frustrations are
considered to be the source of unique magnetic structures, ferroelectricity, and magnetoelectric
coupling in this oxide family.1,2,4,7 In particular, LuFe2O4 is considered as an electronic ferroelectric
material because its spontaneous electric polarization is driven by the Fe2+ and Fe3+ charge-ordered
(CO) state which sets in even before its ferrimagnetic ordering. Recent results by researchers have
shown compelling evidences to support ferroelectricity of LuFe2O4.8–14
YFe2O4 (in short YFO) is isostructural to multiferroic LuFe2O4 and has hexagonal lattice
parameters of a = 3.514 Å and c = 24.778 Å.15 While both ferrimagnetism and the CO state have
been reported for LuFe2O4 (in short LFO), there have been reports of ferrimagnetism but the CO
state has not been observed in YFO. It is interesting to note that replacing one rare earth ion by
another in the RFe2O4 system can significantly change the physical properties, particularly the CO
state which is believed to be driven by the Fe2+ - Fe3+ interactions within the triangular lattice.
Like LFO, YFO shows a ferrimagnetic transition at T ∼ 240 K and the structural distortions from
a hexagonal structure to a monoclinic structure and then to a triclinic structure at T ∼ 220 K and
190 K, respectively.16–19
The physical properties of the RFe2O4 family are very sensitive to the stoichiometry of the samples.20–23 For example, a stoichiometric YFe2O4 sample shows a three-dimensional magnetic ordering
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while an oxygen deficient YFe2O4−δ sample shows a two-dimensional magnetic ordering.22 Similarly,
the electrical properties of a non-stoichiometric YFO have been found to be very different than that of
a stoichiometric YFO.18 These results indicate that the oxygen deficiency can have direct impact on
the spin and charge interactions between Fe2+ and Fe3+ ions, thus significantly modifying the physical
properties of RFe2O4.
In this letter, we report on the growth and optical properties and the correlation of the optical
spectra with a structural distortion and the magnetic transition of YFO thin films, deposited on
(0001) sapphire substrates by Electron Beam Deposition. To search for the coupling of spin, charge,
and lattice degrees of freedom in the frustrated lattice, we carried out the temperature-dependent
measurements of the Fe2+d to d on-site the O 2p to Fe 3d charge-transfer transitions, magnetization,
and the electrical resistance of the YFO thin films. We find that the optical and electronic properties of the YFO thin films show a strong temperature dependence with discontinuities around a
structural transition and the ferrimagnetic transition.
We prepared the YFO target samples by mixing Y2O3 and Fe2O3 powders in a stoichiometric
ratio. The powder mixture was ground in mortal and pestal and heated at 1000 ◦C. The mixture
was then pressed into pellets and sintered at 1100 ◦C for 12 hours. After sintering was done, the
pellets were again ground, pressed into pellets, and sintered. Finally, the prepared pellets were used
as a target material in the electron beam deposition. While the substrates were preheated at 600 ◦C
for 30 min, we slowly heated the target pellet by gradually increasing the electron beam power
in order to allow the pellet to melt before deposition. We deposited 120 ± 10 nm YFO films on
(0001) sapphire and (111) YSZ at 800 ◦C. During the deposition process, the base pressure was 2
x 10−6 Torr, the oxygen partial pressure was 4 x 10−4 Torr, and the film deposition rate was maintained at 90 Å/min. All as-grown thin films were annealed at 600 ◦C in the mixture of oxygen and
air for about 3 hours.
X-ray diffraction (XRD) and atomic force microscopy (AFM) have been employed to characterize the surface morphology and structural properties of the YFO thin films. Surface resistance of
the sample was measured using an ultra high resistance meter. We measured variable-temperature
(10 - 400 K) reflectance and transmittance in the wavelength range of 200 - 3000 nm, with a spectral
resolution of 1 nm, using a dual-beam spectrophotometer coupled with a continuous flow helium
cryostat and a fiber optic spectrometer coupled with a closed-cycle helium refrigeration system.
The magnetic data are measured using the Vibrating Sample Magnetometer option of a Physical
Property Measurement System (Quantum Design).
Figure 1(a) show the XRD patterns of a 120 nm YFO thin film deposited on (0001) sapphire
substrate at 800 ◦C. Based on the xrd data of an isostructural LFO,24 the YFO thin film shows the
(006), (107), (0018) and (2014) planes at 20.7◦, 39.7◦, 66◦, and 85◦, respectively, as the preferred
planes. While the (107) and (2014) planes have strong signals, the (006) and (0018) planes are
broad and weaker, indicating a polycrystalline YFO film. The (006) and (0018) planes have been
reported in the LFO thin films.25 The peak at 41.8◦ is from the (0006) plane of sapphire. Figure 1(b)
shows AFM images of the YFO thin film deposited on sapphire. These two-dimensional and
three-dimensional AFM images of the YFO thin film show a relatively good quality of thin film
with the root mean square value of 20 nm.
Figure 2(a) shows the magnetic moment as a function of temperature for the same sample. It
shows a transition at around 260 K, as evidenced by a broad peak in the curve. Above the transition
temperature, the sample appears paramagnetic (data not shown here). Below the transition temperature the sample demonstrates hysteresis, as shown in Fig. 2(b). The observed transition temperature
is slightly higher than a previously reported ferromagnetic transition at 240 K.17,19 The higher
transition temperature could well be due to the non-stoichiometry of the YFO thin film, particularly
the oxygen deficiency in the sample. The warming run data also shows a small discontinuity at 335
K the origin of which is not clear, and we did not focus on high temperature behavior. At 200 and
100 K, the sample showed nearly identical hysteresis loops, with a low coercivity of about 100 Oe.
The saturation magnetization at 200 K is about 100 emu/cm3, which corresponds to the effective
magnetic moment of ∼ 1 µ B per formula unit. This is in line with the values reported for LuFe2O4.26
The saturation magnetization at 100 K is about 10% higher than that at 200 K.
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FIG. 1. (a) X-ray diffraction pattern of a 120 nm YFO thin film grown on (0001) sapphire substrate. (b) Two-dimensional
(top) and three-dimensional (bottom) AFM images of the YFO thin film with the surface roughness of 20 nm.

Figure 3(a) shows representative absorption spectra of a 120 nm YFO film as a function of
photon energy between 80 and 370 K. The absorption coefficients (α) were extracted from the
transmittance data using α(E) = −ln(T)/d, where d is the film thickness and T is the measured
transmittance. The absorption spectra display two weak peaks near ∼2.0 eV and 2.4 eV, attributed
to the Fe2+ (3d 6) d to d electronic excitations. While the building block FeO5 has no inversion
symmetry, the low-temperature local distortion and a strong hybridization between O 2p and Fe 3d
states27,28 make the d to d on-site excitations observable. Similar on-site excitations have also been
observed in the isostructural LFO thin films.29 Comparing with the electronic excitations of the LFO
thin films, we assign the broad peaks centered at ≥ 3.2 eV (i.e., ∼3.2, 4.2, and 4.8 eV below 190 K)
to O 2p to Fe 3d, Y 4d, and Y 5s charge-transfer (CT) excitations. Interestingly, the 4.6 eV CT
peak splits into two distinct peaks below 190 K (more on this below). Figure 3(b) shows a close-up
view of the 2.0 eV peak including the energy band edge of the 2.4 eV peak between 80 and 370 K.
We note that the 2.0 and 2.4 eV peaks become more pronounced at low temperatures and the rising
slope of the 2.4 eV peak shifts to lower energy upon warming, as indicated by the arrow (discussed
more on this in Fig. 5(a)).

FIG. 2. Magnetic moment of a 120 nm YFO thin film as a function of (a) temperature on warming and cooling and (b)
magnetic field at 100 and 200 K.

025021-4

Rai et al.

AIP Advances 6, 025021 (2016)

FIG. 3. (a) Representative absorption spectra of a 120 nm YFO film on sapphire at 78, 190, 290, and 370 K, extracted from
the transmittance data. The spectra show several electronic transitions associated with Fe2+ d to d on-site and O 2p to Fe 3d,
Y 4d, and Y 5s charge-transfer processes. (b) Temperature dependence of the absorption edge of the electronic transition at
2.40 eV between 80 and 370 K. The arrow shows the increasing temperature direction.

Figure 4(a) shows the CT excitations centered at ∼3.2 and 4.6 eV for the YFO thin film between 80 and 310 K. Surprisingly, these CT excitations exhibit a strong temperature dependence.
In particular, below 190 K the 4.6 eV broad peak splits into two distinct peaks centered at ∼4.13
and 4.83 eV, indicating a structural distortion. These absorption data were taken on warming and the
peak splitting temperature has been measured to be close to 170 K on cooling, suggesting a thermal
hysteresis effect. The two arrows at 3.20 and 4.46 eV show the energies where the absorption coefficients have been studied as a function of temperature. In Fig. 4(b), the absorption coefficient shows
a strong temperature dependence with the two anomalies at 170 and 250 K. As seen, the absorption
gradually decreases with increasing temperature and reaches the lowest at 170 K. The second anomaly at 250 K is not as pronounced as the first one. Although this anomaly at 170 K occurs at a lower
temperature than the peak splitting effect observed at 190 K, they most likely originate from the
same structural distortion: a hexagonal structure to a triclinic structure. Such a distortion has been
observed in the electron diffraction and neutron scattering measurements for YFO.15,30 On the other
hand, the anomaly around 250 K corresponds to the well known ferrimagnetic transition of YFO.
The observed magnetic transition in the optical spectrum indicates a strong spin-charge coupling
effect in the system.

FIG. 4. (a) A close-up view of the 3.2 eV and 4.6 eV charge-transfer excitations of the YFO thin film between 80 and 310 K.
The arrows at 3.20 and 4.46 eV show the energies where the temperature dependence of the peaks have been studied. (b)
Temperature dependence of the two charge-transfer excitations. The shaded vertical lines designate a structural transition
(T ∗) and a ferrimagentic transition T N .
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FIG. 5. (a) The edge of the 2.4 eV peak as a function of temperature, indicating a discontinuity at ∼190 ± 10 K. The solid lines
are guides to the eye. (b) Resistance versus 1000/T of a YFO thin film. Resistance displays an activated transport behavior
above ∼180 K.

The Fe d to d on-site electronic excitation located at 2.4 eV of the YFO thin film exhibits a
strong temperature dependence, as shown in Fig. 3(a). In particular, the rising slope of the 2.4 eV
peak shifts to higher energies on cooling. In Fig. 5(a), we show the rising slope of the 2.4 eV
peak as a function of temperature. As shown, the 2.4 eV peak exhibits two linear regions with a
transition at 190 ± 10 K. This transition is consistent with the peak splitting effect (Fig. 3(b)) likely
caused by a structural distortion. It is believed that the distortion from a hexagonal structure to a
monoclinic/triclinic structure could affect the building block FeO5 trigonal bi-pyramids of YFO.
As a result, the electronic structures of the system are changed and the Fe d to d on-site and CT
excitations are modified by such a distortion.
In Fig. 5(b), we show the temperature dependence of the surface resistance of the YFO thin
film. Two parallel silver paste contacts, ∼5 mm apart, were used to measure the surface resistance. Upon heating, resistance of the sample decreases exponentially by four orders of magnitude
between 80 and 310 K, consistent with an insulating character of YFO. The slower change in
resistance below 180 K could be associated with the structural distortion, as observed in Fig. 4(b)
and Fig. 5(a). Overall, resistance displays an activated transport behavior above 180 K. The low
temperature resistance below 180 K has a small peak at ∼150 K, perhaps indicating instability of the
structural distortion.
R(E)−R(E=0)
Figure 6 displays the electro-optical (EO) response [ ∆R
] of a 120 nm YFO thin
R =
R(E=0)
film as a function of photon energy at 10 K. The applied electric field (E) was increased from 0 to
500 V.cm−1 in a step of 33 V.cm−1 and the changes in reflectance (R) were measured using a fiber
optic spectrometer coupled with a charged-coupled detector. The EO changes were mostly observed
between 1 and 2.5 eV, the energy range where Fe d to d on-site excitations occur, as shown in
Fig. 3(a). Note that the EO data above 2.5 eV contain too much noises due to a very small size of
reflectance. The observed EO effects gradually increase with the applied electric fields, and they
vary from +5% to -9% at E = 500 V.cm−1. We also observed that the size of the EO effects decreases
at higher temperatures (not shown here). Based on the locations of the EO effects in the optical
spectra, it is likely that the applied electric fields affect the Fe d orbital orderings of the Fe2+ and
Fe3+ ions in YFO, consequently altering the Fe d to d on-site excitations. We have also observed the
EO effects of similar sizes near the Fe d to d excitations in LFO thin films.31
The observed sensitivity of the optical properties and electronic excitations to the ferrimagnetic and a structural distortion indicates that YFO has a strong coupling among spin, charge, and
lattice degrees of freedom. Moreover, the EO effects in YFO and isostructural LFO thin films31
suggest that the electronic orbital couplings between the Fe2+ and Fe3+ ions can be modified by
applying electric fields. Based on our studies on YFO and LFO, we expect to observe the EO
effects in other members of the RFe2O4 family, and such EO effects in relatively smaller electric
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FIG. 6. The electro-optical response [∆R/R] of a 120 nm YFO thin film at 10 K as a function of photon energy for applied
electric fields up to 500 V.cm−1. The observed effect increases almost linearly with the applied electric field.

fields may have potential technological applications. Optical properties and EO effects of various
non-stoichiometric YFe2O4−δ samples will be investigated in the future.
In summary, the polycrystalline YFO thin films, deposited by Electron Beam Deposition, show
Fe d to d on-site transitions at 2.0 and 2.4 eV, while the broad transitions at 3.2 eV and 4.6 eV are
mainly due to the charge-transfer transitions from O 2p to Fe 3d, Y 4d, and Y 5s. These electronic
transitions are consistent with that of the LFO thin films. The magnetic transition of the YFO thin
film has been observed at 260 K. The splitting of an electronic excitation, the temperature dependence of the 2.4 eV peak, and the electrical property, all indicate a clear evidence of a structural
distortion between 170 and 190 K in YFO. Strong electro-optical effects are observed around Fe d
to d on-site excitations in YFO thin films.
Work at SUNY Buffalo State was supported by the National Science Foundation (DMR1406766). Work at University at Buffalo was supported by the National Science Foundation (DMR1104994 and CBET-1510121).
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